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AZ extreme case of chromatin remod-
lling is the genome-wide exchange
of histones with basic non-histone DNA-
packaging proteins that occurs in post-
meiotic male germ cells. The scale of this
genome reorganization is such that chro-
matin needs to undergo a prior “prepara-
tion” for a facilitated action of the factors
involved. Stage-specific incorporation
of specialized histone variants, affect-
ing large domains of chromatin, com-
bined with histone post-translational
modifications accompany the successive
steps of the male genome reorganiza-
tion. Recently, it has been shown that a
testis-specific H2B variant, TH2B, one
of the first identified core histone vari-
ants, replaces H2B at the time of cells’
commitment into meiotic divisions and
contributes to the process of global his-
tone removal. These investigations also
revealed a previously unknown histone
dosage compensation mechanism that
also ensures a functional interconnection
between histone variant expression and
histone post-translational modifications
and will be further discussed here.

Introduction

Spermatogenesis is the commitment of
progenitor spermatogenic cells, spermato-
gonia, into a cell differentiation process
involving first the meiotic divisions of
spermatocytes, then the post-meiotic dif-
ferentiation of spermatids. Both are asso-
ciated with extensive cellular and nuclear
reorganizations.! Spermatids later eventu-
ally give rise to the mature spermatozoa,
which are capable of leaving and surviv-
ing outside the parent organism. One
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remarkable characteristic of sperm dif-
ferentiation is a large-scale involvement
of chromatin modifying determinants
such as histone variants and histone post-

(PTMs).>?

While histone variants can directly alter

translational modifications

the structure of nucleosomes, due to the
divergence of their sequence compared
with canonical histones,*> histone PTMs
could constitute a basis for region-specific
genome signposting, implying the recruit-
ment of specific factors that activate or
repress transcription. Additionally, histone
PTMs can also directly modify nucleo-
some stability by altering the properties of
structurally strategic histone amino acids.®

These chromatin-modifying mecha-
nismsare largely involved in spermatogenic
differentiation. Meiotic
requires loci-specific alterations of chro-
matin in spermatocytes, a process that
occurs simultaneously to a chromosome-

recombination

wide transcriptional silencing of sex
chromosomes, known as meiotic sex
chromosome transcriptional inactivation
(MSCI).” In pachytene spermatocytes,
during MSCI, X, and Y chromosomes
undergo an extensive replacement of their
replication-dependent H3s by H3.3 and a
chromosome-wide phosphorylation of his-
tone H2A variant H2A X8 In early post-
meiotic cells, known as round spermatids,
although the sex chromosomes remain
largely transcriptionally inactive, a num-
ber of sex-linked genes, encoding factors
with critical post-meiotic roles, becomes
reactivated.>” When round spermatids
differentiate into elongating spermatids,
a general transcriptional shutdown pre-
cedes the global histone hyperacetylation
and histone removal.>'® During all of
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these processes, spermatogenic cells seem
to synergistically use histone variants
and histone PTMs to comply with the
required need for a large-scale action on
chromatin."

Spermatogenic cells express almost all
histone variants including unique testis-
specific members.'”? However, although
some of these variants were shown to
cover regions at a chromosome scale,
until recently, none had been shown to
replace its canonical counterparts at a
whole-genome scale. In our recently
published report we observed that the
Th2b gene is activated in spermatocytes
while the corresponding protein gradu-
ally replaces H2B, finally covering the

whole genome."”

This event is truly
remarkable, since we discovered that a
single histone variant can almost entirely
replace its canonical counterparts. With
this respect, TH2B could clearly be con-
sidered as a particular histone variant
with a genome-wide action potential.
Interestingly, the generation of TH2B-
less fertile male mice revealed that this
genome-wide role of TH2B can be fully
compensated. Indeed we found that the
absence of TH2B generates a compensa-
tion mechanism involving both the acti-
vation of the 526 gene and the occurrence
of specific histone PTMs.??

TH2B seems therefore able (1) to
coordinate the expression of /26 genes in
general, and (2) to communicate with the
histone PTM machinery. Here, based on
our recently published work on TH2B"
and our analysis of existing data in the lit-
erature, we will discuss how histone genes
could communicate with each other and
how the histone PTM machineries could
target specific structurally critical posi-
tions in histones.

Cross-talk
Between Histone Genes:
Histone Dosage Compensation

A transcriptomic and proteomic anal-
ysis of TH2B-less spermatogenic cells
revealed an upregulation of various /26
genes at both the mRNA and protein
levels. Ultrahigh performance LC-MS
(ULHMC-MS) detected the accumula-
tion of at least six H2B canonical isoforms
showing variable degrees of induction,
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ranging from 2.5 to 7-folds over their nor-
mal expression in wild type spermatogenic
This observation indicates that,
during normal spermatogenesis, the acti-
vation of the 7/H2b gene and the replace-
ment of H2B by TH2B is required for the
downregulation of the 425 gene expres-

cells.

sion. In other words, a sensing mechanism
is likely adjusting the expression of /26
genes to maintain an adequate amount of
H2B in chromatin.

The compensatory response of /26
genes to the absence of TH2B is remi-
niscent of the situation observed with
H1 isoforms, more precisely when the
testis-specific H1 variant H1T is knocked
out. In pachytene spermatocytes, AIT is
expressed after 7/2b, and could constitute
up to 50% of linker histones in the fol-
lowing spermatogenic cells." The knock-
out of the 41T gene did not affect in any
way spermatogenic cell differentiation.”"”
Moreover the loss of HIT was compen-
sated as no reduction of the total amount
of linker histone could be detected.”!®
Indeed genes encoding other linker his-
tones were upregulated to maintain a cor-
rect amount of HI.

In these two examples with HI and
H2B variants, canonical histones com-
pensate for a downregulation of their cor-
responding variant. Therefore, a sensing
mechanism seems to adjust the expression
of each histone and its respective variants
to reach the required amounts of histones
per nucleosome. This sensing mecha-
nism is probably specific for each class
of histones, since the response to TH2B
or HIT downregulation is limited to the
h2b and hI genes respectively, and do
not affect other histone-encoding genes.
Interestingly, within each class of histones,
the variant genes located in a separate
genomic region are also part of this “sens-
ing mechanism,” i. e. 7/26 communicates
with 42bs and h1T with hls.

How could 426 genes sense the lack of
TH2B in chromatin? What could be the
nature of this sensing mechanism and how
is it measuring the histone levels? Answers
to these questions can be speculated from
a few reports describing a general sens-
ing mechanism of non-assembled free
histones.

During DNA replication, any excess
of free histones, which could be very
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Figure 1. A model for chaperone-mediated
sensing of chromatin states. Chaperone-
histone interaction upon nucleosome
assembly recruits transcriptional activators/
repressors modifying the state of gene expres-
sion as a function of the amount of assembled

histone.

toxic to cells, is rapidly eliminated. The
mechanism uncovered in yeast involves
the kinase activity of Rad53, which in
contrast to the cases discussed here, acts
on the total histones dosage.!” A way
to establish a histone class-specific sens-
ing mechanism could be to involve his-
tone chaperones that show some degree of
specificity for various histone classes and
histone variants.?

It has been proposed that in human
replicative somatic cells, the pool of free
histones does not exceed 0.1% of total his-
tones.?*? Therefore, the majority of his-
tone chaperones, even in replicative cells,
are present in their histone-free form.? In
comparison to dividing cells, spermato-
cytes and spermatids could have even less
free histones since these cells do not repli-
cate their DNA. Therefore, any excess of
free histones could be stored under a chap-
eron-bound form, which could facilitate
their degradation, or regulate the expres-
sion of corresponding histone genes.

The close relationship between histone
chaperones and histone degradation could
be illustrated by the example of the NASP
chaperone. Indeed it has been shown that
NASP buffers the amount of free H3 and
H4 and fine-tunes the cellular amount of
these histones by controlling their degra-
dation by autophagy.*
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Figure 2. A model for variant-dependent histone modifications by the PTM machinery within
chaperones. The example of the TH2B-H2AL2 dimer is used to illustrate the hypothesis that the
forced association of H2AL2 with H2B instead of TH2B, would render certain H2B positions acces-

The most interesting scenario with
respect to this Extra View, concerns a
potential regulation of transcription
mediated by histone chaperones. There
are examples in the recent literature that
support this hypothesis. The known
transcriptional regulator Spt2 has been
identified as a novel histone chaperone
that could be involved in coupling tran-
scriptional activity and histone assem-
bly in nucleoli.”” Another example of a
chaperone-controlled transcription has
very recently been reported following
the recruitment of HIRA and deposi-
tion of H3.3 at the site of DNA damage
that bookmarks chromatin for a delayed
recovery of transcription (positive regu-
lation).?® Finally, H3.3 and Hira have
been proposed to recruit the PRC2 com-
plex and to target the promoter of devel-
opmentally regulated genes (negative
regulation).”’

It is therefore possible to propose that
a TH2B-loaded chaperone could specifi-
cally recruit a repressor machinery to the
histone /26 gene cluster hence establish-
ing a cross talk between a newly expressed
histone variant and the gene cluster encod-
ing its canonical counterparts (Fig. 1). An
issue with this hypothesis is that it is not
clear how the chaperones would be tar-
geted to the /26 genes cluster. The specific
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chaperones for TH2B and HIT still await
to be identified. Indeed their identifica-
tion would allow more insights into the
underlying mechanisms.

Cross-talk Between Histones:
Functional Compensation

The generation of mice totally lacking
TH2B in their spermatogenic cells sur-
prisingly showed no defects in spermato-
genesis.”” Since TH2B globally replaces
its somatic counterparts in early meiotic
cells, it implies that a compensation for
h2b expression is necessary to ensure nor-
mal chromatin functions. As mentioned
above, a compensatory accumulation of
H2B occurs in the absence of TH2B.
However this observation is puzzling,
since it could suggest that TH2B would
have no specific role and that H2B could
perfectly ensure all the putative activities
of TH2B. A detailed analysis of the chro-
matin purified from spermatogenic cells
lacking TH2B shed a new light on the
real nature of the compensation by H2B.
Indeed, a quantitative mass spectrometry
approach, comparing histone PTMs in
TH2B-less spermatogenic cells with those
of wild type cells, revealed a surprisingly
fine regulatory mechanism. Indeed, in
TH2B-less spermatogenic cells, we found
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that specific PTMs specifically affect a
number of key architectural positions
within histones with nucleosome desta-
bilization functions. Indeed, a total of 8
amino acids, in H4, H3 and H2B, showed
enhanced PTMs and all were located in
the histone fold parts of the correspond-
ing histones. Two crotonylated lysines,
H4K77 and H3K122, affect histone-
DNA contact, while five methylated argi-
nines on H4 and H2B, H4R35, H4R55,
H4R67, and H2BR72, weaken histone-
histone interactions.

All these modifications occur in the
histone fold regions normally present in
the heart of a nucleosome. This observa-
tion raises an important question regard-
ing how the histone PTM machinery
could have access to these residues buried
within the nucleosome. Moreover, how
would compensatory mechanisms spe-
cifically recognize and target these “stra-
tegic” amino acids, whose modification
could affect the stability of a nucleosome?
Modifying these residues after histone
loading on chromatin would certainly
require the dismantlement of nucleo-
somes. One hypothesis is that the histones
could actually be modified at these sites
before nucleosome assembly. This scenario
would imply that histones are being modi-
fied while chaperoned and before their
incorporation into chromatin (Fig. 2). If
so, then in the context of the observation
presented here, how could the absence of
TH2B induce an enhanced histone PTMs
on chaperone-associated histones?

An answer could come from our pre-
vious investigations showing that TH2B
preferentially associates with the histone
variant H2AL2. H2AL2 is a testis-spe-
cific late-expressing H2A variant that
is expressed in spermatids prior to the
replacement of histones by transition pro-
teins.?® In the absence of TH2B, the asso-
ciation of H2B with H2AL2 could expose
specific residues, which would become
accessible to histone PTM machineries,
whereas they would normally be hidden
within the TH2B-H2AL2 or H2B-H2A
dimers (Fig. 2).

The reason why PTM modifica-
tions are also affecting H3 and H4 in
the absence of TH2B is yet unclear.
A possible answer would be that they
could be accessed by the histone PTM
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machinery during their assembly with
the already modified H2A-H2B coun-
terparts, prior to their incorporation.

Although these hypotheses are highly
speculative, the literature now presents
considerable body of reports uncover-
ing a role for chaperones in modulating
chromatin marks (for review see ref. 29).
In general, chaperone-mediated histone
modifications would be very important for
the modification of several already charac-
terized nucleosome-destabilizing histone
PTMs such as H3K56 and H3K122 acet-
ylations.® At least in the case of H3K56,
the involvement of chaperones has clearly
been demonstrated.”

We can therefore propose a critical role
for the histone PTM machinery, which,
by modifying histones within chaperones,
would establish compensatory actions on
histones in the absence of a particular vari-
ant (Fig. 2).
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